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Femtosecond absorption spectroscopy was applied to study for the ﬁrst time excitation dynamics in
isolated photosystem I trimers from Arthrospira platensis, which display extremely long-wave-
length absorption peaks. Pump–probe spectra observed at 77 K in the timescale of dozens of pico-
seconds upon 70-fs excitation revealed two maxima near 710 and 730 nm, which correspond to
red chlorophyll forms. Bleaching at 680 nm developed in 200 fs, whereas the bleaching kinetics
at 710 and 730 nm exhibited two components with time constants of 1 and 5.5 ps. Comparison of
the kinetics of bleaching development at 710 nm and 730 nm with that of bleaching decay at
680 nm indicated that both long-wavelength forms of trimers are populated mainly via direct
energy transfer from bulk chlorophyll.
 2014 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Monomeric photosystem I (PSI) of cyanobacteria is a supramo-
lecular pigment/protein complex binding about 100 chlorophyll a
(Chl) antenna molecules along with the primary donor P700 and
the primary acceptors A0 and A1 [1–4]. A peculiarity of intact PSI
in the majority of species is the presence of red spectral Chl forms,
absorbing at energies close to or lower than that of P700, while the
so-called bulk antenna molecules comprising about 90% of the
antenna Chls absorb at wavelengths shorter than P700 [5,6].
According to [2,7,8], these low-energy excited states originate from
excitonic interactions within Chl dimers and trimers (probably
including the mixing of the excited states with the charge-transfer
states [9]). Although studied for several decades, the molecular ori-
gin and function of the red forms is still not fully understood. It is
suggested that the long-wavelength Chl forms may be of impor-
tance either for focusing excitation energy to P700, or for protec-
tive energy dissipation [5,10,11], possibly occurring via
deactivation of charge-transfer states [12] coupled to singlet
excited states of dimeric and trimeric forms of Chl.Trimeric PSI complexes of the cyanobacteria Arthrospira platen-
sis differ from many other corresponding complexes by the pres-
ence of the extremely long-wavelength Chl form (Chl730) with
intense low temperature-enhanced ﬂuorescence at 760 nm
[13,14], which exhibits dramatic dependence on the redox state
of P700, namely: if P700 in PSI trimers is oxidized, the ﬂuorescence
of Chl730 is quenched efﬁciently, probably due to energy transfer
from Chl730 to the cation radical of P700 [13,15]. There is strong
evidence that PSI complexes in cyanobacterial membranes are
arranged preferentially as trimers, moreover, the Chl730 form,
which is present only in PSI trimers, also exists in PSI antenna
under physiological conditions and is not a freezing artifact [5]. A
highly P700+-sensitive red Chl ﬂuorescence was also described
for PSI trimers of Thermosynechococcus elongatus [16].
It is generally assumed that red Chl pools are not in close con-
tact with each other, which results in an almost negligible contri-
bution of energy transfer among them to excited state
equilibration in PSI core complexes [5]. Bearing in mind the unique
properties of A. platensis PSI core antenna – a paradoxical combina-
tion of the extraordinary sensitivity of its most long-wavelength
ﬂuorescence to the P700 redox state with the idea of the location
of the reddest ﬂuorescence emitter not in close proximity to
P700 [17] – it was intriguing to study excitation dynamics in differ-
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tion changes with the femtosecond pump–probe technique.
2. Methods
2.1. Isolation of photosystem I complexes
Cells of the cyanobacterium A. platensiswere grown on a Zarook
medium and thylakoid membranes were prepared using French
Press and centrifugation as described in [15,18]. PSI trimers and
monomers were isolated from the membranes treated with 1% n-
dodecyl-b-D-maltoside (detergent: Chl15) at 4 C for 30 min using
the column chromatographywithDEAE-Toyopearl. The columnwas
subjected to a linear NaCl gradient from 50 to 330 mM in 20 mM
Tris–HCl buffer (pH 7.8) containing 0.04% dodecyl-maltoside. For
re-chromatography the combined fractions at about 120 (mono-
mers) and 240 mM NaCl (trimers) were initially diluted 2-fold in
20 mM Tris–HCl buffer (pH 7.8) and then loaded onto the same
DEAE-Toyopearl column and subjected to a linear NaCl gradient
from 50 to 200 mM (to isolate monomers) or from 100 to 300 mM
(to isolate trimers) in 20 mM Tris–HCl buffer (pH 7.8) containing
0.04% dodecyl-maltoside. The PSI monomers to trimers ratio varied
between 1:3 and 1:5. The isolated complexes were stored in 20 mM
Tris–HClbuffer (pH8) containing0.04%dodecyl-maltosideat70 C
until use. Absorptionandﬂuorescence spectraofA. platensis trimeric
and monomeric PSI complexes isolated with dodecyl-maltoside
were presented previously in [16,18].
For the measurements, PSI complexes were diluted to an optical
density of about 0.3 at 680 nm in a 50 mM Tris–HCl buffer solution
(pH 8.2), containing 25 mM MgCl2, 100 mM KCl, 0.02% dodecyl-
maltoside, 1 mM K3Fe(CN)6 and 65–70% v/v glycerol. A 2-mm path-
length cuvette with a sample was mounted at the end of a copper
cold ﬁnger and placed in a small quartz Dewar with ﬂat windows.
2.2. Femtosecond transient absorption spectroscopy
The experiments were performed with a femtosecond-pulsed
laser setup consisting of a chirped-pulse ampliﬁed Ti:sapphire
laser with a repetition rate of 1 kHz and an optical parametricFig. 1. Kinetics of absorbance changes for A. platensis PSI trimers upon 620-nm excitation
710 (blue points), and 730 nm (green points). Red curves correspond to a biexponential ﬁt
approximation of the 710- and 730-nm kinetics (with a time constant of 40 ps).ampliﬁer (TOPAS), by employing a typical pump–probe layout as
described in [19]. To probe light-induced absorption changes, part
of the laser pulses was used to generate a femtosecond white-light
continuum in a water cell. The duration of a pump pulse was about
70 fs, the diameter of a pump beam was approximately 0.03 cm.
Pulse energy was set to 200 nJ (peak intensity 4000 MW/cm2, or
about 51014 photons/cm2 pulse), giving about 3 quanta absorbed
per 100 Chls per pulse. The signal from a polychromator was
detected by a diode array. The pump–probe scheme resolution
amounted to about 250 fs after spectral chirp compensation.
3. Results and discussion
The 70-fs excitation pulse centered at 620 nm elicited bleaching
of the bulk antenna Chl at 680 nm in PSI trimers of A. platensis at
77 K. This bleaching developed within a time interval (200 fs)
comparable with the pulse duration and then decayed mostly with
a time constant of 3 ps (in the case of monoexponential approx-
imation) (Fig. 1, curve a). The bleaching at both 710 and 730 nm,
reﬂecting excitation transfer to the red Chl forms, developed with
a time constant of 3 ps (Fig. 1, curves b and c). Importantly, the
kinetics of absorption changes at 710 nm and 730 nm were close
to each other and corresponded to the time course of bleaching
decay at 680 nm. A biexponential approximation of the kinetics
of the bulk Chls gives two components with time constants of
approximately 1 ps (40%) and 5.5 ps (60%). A similar pattern of
excitation dynamics was observed at room temperature (data not
shown). According to [20,21], at least two lifetime components
(2.0 and 6.5 ps) were required to describe equilibration of bulk Chls
with far red-absorbing Chls in PSI trimers of Synechocystis sp. PCC
6803 for closed reaction centers.
The bleaching at 710 nm and 730 nm reached maximal values
and then was followed by a decay of absorption changes with a
time constant of 30 ps at room temperature (not shown) and
40–45 ps at 77 K (Fig. 1, curves b and c). Noteworthy, low tem-
perature deceleration of excitation equilibration between the bulk
and red Chls and also of the subsequent decay of population of the
long-wavelength excited states was found previously for Synecho-
cystis sp. PCC 6803 [22–24].with 70-fs pulses at 77 K. Absorbance changes were measured at 680 (black points),
of the 680-nm kinetics (with time constants of 1 and 5.5 ps) and a monoexponential
Fig. 2. Transient absorption spectra of A. platensis PSI trimers (A) and monomers (B) upon 620-nm excitation with 70-fs pulses at 77 K. Measurements were made at the
following time delays: 1 – (0.61) ps; 2 – (0.07) ps; 3 – 0.20 ps; 4 – 0.47 ps; 5 – 1.01 ps; 6 – 2.09 ps; 7 – 4.23 ps; 8 – 8.93 ps; inset: 9 – 15 ps; 10 – 31 ps; 11 – 60 ps; 12 –
88 ps. Direct energy transfer from bulk Chl absorbing at 680 nm.
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ensis PSI in the femto-picosecond timescale have been published
so far. The results presented here with A. platensis PSI core com-
plexes were obtained under the conditions when P700 was oxi-
dized. The data on the decay kinetics of absorbance changes at
710 nm of A. platensis PSI trimers resemble those for red Chl
forms of Synechocystis sp. PCC 6803 [21,23], with the ﬂuores-
cence being almost independent of the P700 redox state
[4,16,25]. By contrast, based on the global analysis of the pico-
second ﬂuorescence kinetics of A. platensis PSI trimers, Chl730
is supposed to have a long (about 1 ns) lifetime of a singlet
excited state, if P700 is reduced [25–27]. Therefore, values of
about 40 ps for the time constant of the decay of bleaching at730 nm could be attributed to strong quenching of Chl730 sin-
glet excited states by the P700 cation radical [5].
Two red Chl forms peaking at 710 and 730 nm manifest
themselves in the transient absorption spectra of A. platensis PSI
trimers (Fig. 2A), whereas only one red peak (at 710 nm) is
observed in the transient spectra of A. platensis PSI monomers
(Fig. 2B). This result is consistent with the presence of the red-most
Chl730 only in the PSI trimers of A. platensis, as revealed both by
absorbance and ﬂuorescence steady-state spectroscopy [16,18].
The kinetic data presented above allow us to conclude that in line
with previous studies [28], there is no excitation transfer between
the two long-wavelength forms of the trimer; on the contrary, they
are populated via direct energy transfer from the bulk Chl.
3444 V. Kompanets et al. / FEBS Letters 588 (2014) 3441–3444Concerning the molecular origin of the red forms, there was an
attempt to localize them within the T. elongatus PSI antenna [2]:
the Chl B31/B32/B33 trimer found on the luminal side of the com-
plex and the A38/A39 and B37/B38 dimers were considered as red
Chls. Although the PSI antennae in T. elongatus and A. platensis con-
tain spectrally different red Chls, the origin of their redmost forms,
Chl719 and Chl730, is likely to be similar. These red-most Chls are
present only in trimeric PSI complexes of A. platensis and suppos-
edly can be formed as a result of interaction of a Chl dimer residing
peripherally in one monomeric PSI complex with Chl belonging to
another monomeric complex. Apparently, determination of the
three-dimensional structure of the A. platensis PSI trimer would
be of great importance for comprehensive understanding of the
molecular arrangement of red Chl forms.
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